T he treatment of aggressive, locally advanced breast cancers increasingly includes neoadjuvant therapy before surgical resection, thus providing a window of opportunity to tailor treatments on the basis of early assessments of the molecular characteristics of the cancer and their response to therapy. The existence of a well-characterized, surrogate end pointpathological complete response as assessed at the time of surgery -that is strongly correlated with both event-free survival and overall survival makes neoadjuvant therapy a particularly useful context for the rapid clinical development of targeted therapies. The I-SPY 2 TRIAL (Investigation of Serial Studies to Predict Your Therapeutic Response with Imaging and Molecular Analysis 2) provided a standing, or "platform," framework that used adaptive randomization for the efficient, focused clinical development of paired therapies and biomarkers. The overall objective of the trial was to reduce the cost, time, and number of patients that were needed to identify effective drugs for the treatment of aggressive, locally advanced breast cancer. 1, 2 In this trial, patients underwent adaptive randomization to standard chemotherapy with an experimental regimen or standard chemotherapy alone. The adaptive randomization algorithm uses the molecular characteristics of the cancers and incorporates accumulated outcome data to efficiently identify the biomarker signatures of tumor subtypes -combinations of molecular subtypes -in which specific agents are most effective. Therapies that reach prespecified thresholds of efficacy in one or more specific biomarker signatures are said to "graduate" from the I-SPY 2 trial.
Here we report the efficacy and safety results from the experimental-therapy group of the I-SPY 2 trial that evaluated the tyrosine kinase inhibitor neratinib (HKI-272; Puma Biotechnology), an irreversible small-molecule inhibitor of the ErbB and the human epidermal growth factor receptor (HER) kinase family (epidermal growth factor receptor, HER2, and HER4). The primary end point of the trial was pathological complete response. The secondary end points of event-free survival and overall survival are not yet mature and are not reported in this article. The secondary end point of residual cancer burden, defined as a calculated assessment of residual carcinoma from routine pathological testing of sections of the primary breast-tumor site and the regional lymph nodes after the completion of neoadjuvant therapy, is also not reported here. We have also described the results in the veliparib-carboplatin group (in which the experimental therapy reached the prespecified threshold for efficacy in this trial) and the AKT inhibitor MK-2206. 3, 4 Evaluations of other experimental-therapy groups have been completed or are ongoing.
Neratinib has shown promising activity against HER2-positive metastatic breast cancer. 5, 6 There is also evidence of preclinical activity against HER2-negative tumor cells, 7, 8 which suggests that the pan-ErbB-HER kinase activity against EGFR and possibly HER4 might have activity beyond HER2-positive tumors. 9 The adaptive randomization approach used in this trial offered the opportunity to test the possibility of efficacy in HER2-negative tumors while minimizing the exposure of patients to treatments that may be ineffective. Because neratinib was introduced before the dual targeting of HER2 became the standard of care in neoadjuvant treatment, it was tested against, rather than being combined with, trastuzumab.
Me thods

Trial Design
We designed this adaptive phase 2 multicenter, platform trial with multiple experimental-therapy groups to assess new agents combined with standard neoadjuvant therapy in patients with breast cancer who are at high risk for early recurrence. 10 A common control group was used. No more than 120 patients could be assigned to any experimental-therapy group. The primary end point was pathological complete response (i.e., no residual cancer in the breast or lymph nodes at the time of surgery).
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Biomarker assessments (according to HER2 status, hormone-receptor status, and results on a 70-gene profile (MammaPrint, Agendia) were performed at baseline and were used to classify patients according to eight prospectively defined subtypes for the purposes of randomization. 1, 2 Tumor receptors were assessed and used for adaptive randomization as described in Figure 1A and by Rugo et al. in this issue of the Journal. 12 Ten clinically relevant biomarker signatures were used to assess efficacy: any biomarker, hormone-receptor positive, hormone-receptor negative, HER2 positive, HER2 negative, high-risk category 2 on the MammaPrint assay, HER2 positive and hor-mone-receptor positive, HER2 positive and hormone-receptor negative, HER2 negative and hormone-receptor positive, and HER2 negative and hormone-receptor negative. 12 For details regarding the tumor subtypes and biomarker signatures, see Table S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org.
The prespecified thresholds of efficacy in this trial was defined as a Bayesian predictive probability of success of 85% or more in a simulated phase 3 trial of neoadjuvant therapy in 300 patients who had undergone randomization in a 1:1 ratio (see the Supplementary Appendix). 1, 14 Predictive probabilities of success were based on power calculations for a trial involving 300 patients, as described in the protocol, available at NEJM.org. 1, 14 The stringent prespecified efficacy threshold for moving a therapy out of phase 2 of this trial -compelling evidence of efficacy in a trial group -ensured that the sample size for the confirmatory phase 3 trial would be substantially reduced. Cessation of enrollment was announced only when all patients in the group and its concurrent controls completed their definitive surgical treatment with the assessment of pathological response or if a patient had disease progression or withdrew from the trial. Futility was considered to be reached if the predictive probability of success in a phase 3 trial was determined to be less than 10% for all 10 biomarker signatures.
Eligibility and Enrollment
Eligible women were 18 years of age or older, had clinical stage II or III disease, and had not received surgical or systemic therapy for this cancer previously. The longest diameter of the tumor had to be at least 2.5 cm by any clinical assessment; imaging also had to show that the tumor was at least 2 cm. Participants had to have an Eastern Cooperative Oncology Group performance-status score (scores range from 0 to 5, with higher numbers indicating greater disability) of 0 (asymptomatic) or 1 (mild symptoms). Participants had to be able to undergo multiple magnetic resonance imaging (MRI) examinations and had to be willing to undergo serial core biopsies. We excluded patients who had tumors that were designated as hormone-receptor positive and low risk according to the 70-gene assay, because such patients have a more favorable prognosis than those with a result on the 70-gene assay showing high risk, especially in the first 5 years, 15 and the benefit of chemotherapy is low in this population; thus, the exposure to investigational agents is not justified. Patients with HER2-positive, hormone-receptor-negative cancer were eligible regardless of the results on the 70-gene profile. 16 All the patients provided written informed consent when they underwent screening for the trial. A second consent was obtained after the patient underwent randomization and before treatment was initiated.
Treatment
All the participants received standard neoadjuvant therapy, which consisted of 12 weekly cycles of paclitaxel at a dose of 80 mg per square meter of body-surface area, administered intravenously, followed by 4 cycles of doxorubicin at a dose of 60 mg per square meter and cyclophosphamide at a dose of 600 mg per square meter, administered intravenously every 2 to 3 weeks. In the analyses presented in this article, we compared patients who were randomly assigned to receive neratinib (at a dose of 240 mg per day) for the first 12 weeks in addition to standard chemotherapy with those assigned to standard chemotherapy alone (control). Patients in the control group who had HER2-positive cancer also received trastuzumab for the first 12 weeks (with a loading dose of 4 mg per kilogram of body weight in the first cycle, followed by a maintenance dose of 2 mg per kilogram in cycles 2 through 12) (Fig. 1B) .
Subsequent surgery, which consisted of sentinel-node dissection in patients with node-negative cancer and axillary-node dissection in those with node-positive cancer at diagnosis, was performed according to National Comprehensive Cancer Network and local practice guidelines. Radiation therapy and endocrine adjuvant therapy were recommended after surgery according to standard guidelines. 17 A modification to the protocol that was approved in January 2012 added a prophylactic course of loperamide to control diarrhea in patients receiving neratinib. Loperamide was administered on day 1 of neratinib therapy at an initial dose of 4 mg, followed 8 hours later by a dose of 2 mg, and then twice daily for 2 weeks at a dose of 2 mg. Patients were instructed to take an additional 2 mg immediately after the first unformed stool and then 2 mg every 4 hours until they had no diarrhea for 12 consecutive hours (a maximum of 16 2-mg pills per day). The frequency of loper- amide administration was decreased at the discretion of the patient once the diarrhea was controlled.
Assessments
MRI and core biopsy were performed during screening in all participants who provided consent; these procedures were repeated 3 weeks after the initiation of treatment. MRI was repeated between chemotherapy regimens and before surgery. Pathologists were trained in the method of assessment of the residual cancer burden (a secondary end point not reported here). All the patients had to have a core-biopsy specimen that was sufficient for expression-array profiling in order to generate the results of the 70-gene MammaPrint assay, the TargetPrint HER2 gene-expression assay, 13 and the 44K full-genome microarray (all from Agendia). The gene assays were purchased at the research rate. Agendia supplied the analysis of the results of the 70-gene assay but had no role in the trial design, the accrual or interpretation of data, the preparation of the manuscript, or the decision to submit the manuscript for publication. Reverse phase phosphoprotein arrays were generated from the initial core. 18, 19 Patients were stratified according to risk status on the 70-gene profile (high-risk category 1 vs. 2), as determined by the prespecified median cutoff point on the continuous index score among participants in the I-SPY 1 trial who met the eligibility criteria for inclusion in the I-SPY 2 trial (Fig. S1 in the Supplementary Appendix).
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Trial Oversight
The trial was designed by the investigators. The sponsors had no role in the trial design, the writing of the manuscript, or the decision to submit the manuscript for publication. The drug manufacturer (Puma Biotechnology) supplied the agent but had no role in the design or execution of the trial, the collection or analysis of the data, the preparation of the manuscript, or the decision to submit it for publication. All the participating sites received approval from an institutional review board. A data and safety monitoring board met monthly and continues to do so in the ongoing trial. The manuscript was written entirely by the authors, who made the decision to submit the manuscript for publication. The authors vouch for the accuracy and completeness of the data and analyses reported (the secondary end points of event-free survival, overall survival, and residual cancer burden are not reported here, as stated above) and for adherence of the trial to the protocol.
Statistical Analysis
We report the final Bayesian probability distributions of the rates of pathological complete response in the neratinib group and the concurrently randomized control group for each of the 10 biomarker signatures by providing the estimated rates of pathological complete response (means of the final respective distributions) and 95% Bayesian probability intervals. These distributions were based on the final observed results according to the eight biomarker subtypes and were calculated with the use of a covariate-adjusted logistic model in which the covariates were HER2 status, hormone-receptor status, and results on the 70-gene assay. We do not provide the raw data for the individual biomarker subtypes because our analysis enables greater precision than would any raw-data estimates of the rate of pathological complete response, whether within subtypes or across subtypes in signatures. Using the final distributions of the rates of pathological complete response for each of the 10 biomarker signatures, we calculated the probabilities that the rate of pathological complete response with neratinib was greater than the rate in the control group, as well as the respective predictive Figure 1 (facing page) . Trial Design. Panel A shows the steps in the adaptive-randomization process used in this trial. The longitudinal model refers to the course of the patient through the neoadjuvant therapy, as measured by serial magnetic resonance imaging (MRI) scans. Panel B shows the schema for the experimental-therapy group that received neratinib and for the control group. After screening, patients with human epidermal growth factor receptor 2 (HER2)-positive cancer were eligible to undergo adaptive randomization to receive neratinib plus paclitaxel. The control was trastuzumab plus paclitaxel. Patients with HER2-negative cancer were eligible to be randomly assigned to receive neratinib plus paclitaxel; the control was paclitaxel alone. Patients with HER2-positive cancer or HER2-negative cancer then received standard treatment with doxorubicin and cyclophosphamide to complete their neoadjuvant therapy. Panel C shows the details regarding the screening, randomization, and treatment of the patients. Patients were categorized according to whether they received no experimental therapy or at least one dose of experimental therapy.
The probabilities of success in a future trial. Additional details of the trial design are provided in the Supplementary Appendix.
R esults
Patient Population
During the period from March 2010 through January 2013, a total of 127 participants were enrolled and randomly assigned to receive neratinib; 12 patients withdrew before receiving treatment, which left 115 patients who could be evaluated. Of the 84 patients who were randomly assigned to the control group, 78 could be evaluated for a pathological complete response (Fig. 1C) . At baseline, the neratinib group and the control group were well balanced with regard to demographic characteristics, hormone-receptor status, and clinical presentation ( Table 1 ). The only significant difference between the two groups was HER2 status; adaptive randomization resulted in a larger percentage of participants with HER2-positive cancer in the neratinib group than in the control group (57% vs. 28%). Figure 2 shows the Bayesian posterior probability distributions for 4 of the 10 biomarker signatures. Neratinib reached the prespecified threshold of efficacy in the I-SPY 2 trial with regard to the HER2-positive, hormone-receptor-negative signature (Table 2 ). Among patients with HER2-positive, hormone-receptor-negative cancer, the estimated rate of pathological complete response was 56% (95% probability interval [PI], 37 to 73%) in the neratinib group, as compared with 33% (95% PI, 11 to 54%) in the control group (Fig. 2A) . The resulting probability that neratinib was superior to standard therapy was 95%, and the probability of the success of neratinib in a phase 3 clinical trial involving 300 patients was 79% (Table 2) .
Efficacy
Although neratinib reached the prespecified threshold of efficacy in this trial only with regard to patients with HER2-positive, hormone-receptor-negative cancer (Table 2) , there was some evidence of superior activity over control with regard to several other biomarker signatures. Among participants with HER2-positive, hormone-receptor-positive cancer, the estimated rate of pathological complete response was 30% in the neratinib group, as compared with 17% in the control group (Fig. 2C ). There was a 91% probability of the superiority of neratinib over standard therapy and a 65% predicted probability of success in a phase 3 trial. Similarly, among all the patients with HER2-positive cancer (regardless of hormonereceptor status), the rate of pathological complete response was 39% in the neratinib group, as compared with 23% in the control group (Fig. 2B) . The probability of the superiority of neratinib over standard therapy was 95%, with a 73% pre- * After screening, patients with human epidermal growth factor receptor 2 (HER2)-positive cancer were randomly assigned to receive either neratinib plus paclitaxel (neratinib group) or trastuzumab plus paclitaxel (control); patients with HER2-negative cancer were randomly assigned to receive either neratinib plus paclitaxel or paclitaxel alone (control). There were no significant differences between the trial groups except for HER2 status (owing to the effects of adaptive randomization) (P<0.001 by Fisher's exact test). Percentages may not total 100 because of rounding. † Race was self-reported. ‡ HER2 status was determined by means of immunohistochemical and fluorescence in situ hybridization assays and the TargetPrint gene expression assay. A patient was considered to have HER2-positive cancer if any of the three assays were positive. dicted probability of success in a phase 3 trial of neoadjuvant therapy. Patients who were identified as having the highest risk scores (category 2) on the 70-gene assay also appeared to have some benefit from neratinib as compared with the control, with comparative rates of pathological complete response of 48% versus 29% (Fig. 2D) , a 93% probability of the superiority of neratinib over standard treatment, and a 72% predicted probability of success in a phase 3 trial. There was very little activity in participants with HER2-negative, hormone-receptorpositive cancer or with HER2-negative, hormonereceptor-negative cancer, especially those patients who had been categorized as having a high-risk category 1 status on the 70-gene profile (Table 2) ; the adaptive randomization algorithm stopped assigning patients with these subtypes to receive neratinib during the course of the trial (Table S2 in the Supplementary Appendix).
Safety
The combination of neratinib and paclitaxel in the context of neoadjuvant therapy was associated with safety and toxicity profiles that were similar to those in previous studies involving participants with advanced breast cancer. 6 Diarrhea was the most common adverse event, and diarrhea of grade 3 or 4 was noted in 38% of the patients in the neratinib group. Diarrhea was mitigated by dose reductions, supportive measures, or both; further reductions in frequency or severity were noted after the protocol was modified to include prophylactic loperamide therapy (Table S3 in Copyright © 2016 Massachusetts Medical Society. All rights reserved.
T h e ne w e ngl a nd jou r na l o f m e dicine hematologic and gastrointestinal adverse events were significantly higher in the neratinib group than in the control group, including vomiting of grade 1 or 2 (P = 0.045), diarrhea of grade 1 or 2 or of grade 3 or 4 (P<0.001 for both comparisons), abnormalities in the aspartate aminotransferase level of grade 1 or 2 (P<0.001), and abnormalities in the alanine aminotransferase level of grade 1 or 2 (P<0.001) or of grade 3 or 4 (P = 0.009) ( Table 3) . Three serious adverse events -pneumonitis in one patient in the control group and dehydration in two patients in the neratinib group -were reported by the investigator as being probably or definitely attributable to the protocol-directed therapy. No case of symptomatic congestive heart failure occurred during the trial. One patient had a grade 3 decline in the left ventricular ejection fraction. No deaths were considered by the investigators to be related to treatment.
Dose reductions or interruptions in the neratinib group occurred in 64% of the patients for neratinib and in 39% for paclitaxel. In the control group, dose reduction or interruptions occurred in 12% of the patients. A total of 11% of patients in the neratinib group, as compared with 1% of the patients in the control group, discontinued the treatment early (i.e., during the taxane phase) owing to toxic effects (Table 3) .
Discussion
In this article, we describe the efficacy, leading to continuation to phase 3 testing, of an experimental therapy consisting of paclitaxel plus neratinib followed by doxorubicin and cyclophosphamide in patients with high-risk breast cancer that was characterized by a HER2-positive, hormone-receptor-negative biomarker signature. With regard to this molecular subtype, neratinib was shown to be superior to the current standard of care, trastuzumab, with a high degree of probability (95%), as measured by the estimated mean rate of pathological complete response of 56% in the neratinib group versus 33% in the control group. In terms of the primary goal of the trial, which was to facilitate the rapid identification of pairs of agents and biomarker profiles that are likely to succeed in subsequent phase 3 trials, the neratinib regimen was estimated to have a 79% probability of statistical success in a focused phase 3 trial of neoadjuvant therapy on the basis of results observed in an experimental-therapy group that included 115 participants.
Although patients with HER2-positive cancer who were randomly assigned to the experimental-therapy group did not receive trastuzumab in the context of neoadjuvant therapy, these patients received a full year of adjuvant trastuzumab (after surgery) as dictated by standard of care. Since moving out of phase 2 in this adaptive randomization trial, neratinib has shown benefit as an extended or secondary adjuvant therapy in patients with early-stage, high-risk HER2-positive breast cancer, after standard trastuzumab-based adjuvant therapy. 21 The efficacy threshold of 85% that was specified in the trial protocol was reached before all the patients completed neoadjuvant therapy and had an assessment of the primary end point (i.e., had surgery completed). Once all the additional data points regarding pathological complete response were accumulated, the probabilities were updated, and there was a slight reduction in the probability to 79%. This possibility had been anticipated in the design of the trial, and thus a particularly high threshold of 85% had been selected for this reason.
The finding of the superiority of neratinib over trastuzumab in this tumor biomarker signature is notable given the experience in a number of trials that sought to improve on the efficacy of the current standard of care. Among these are several phase 3 trials of lapatinib, an ErbB-HER tyrosine kinase inhibitor that is similar to neratinib, which has not shown superiority over trastuzumab in trials when it has been evaluated in patients with metastatic cancer 22 or in those receiving adjuvant therapy 23 or neoadjuvant therapy. 24 In the last of these, some higher rates of pathological complete response were noted with the use of a triple combination of lapatinib, trastuzumab, and paclitaxel than with trastuzumab and paclitaxel. In the current trial, we observed that the rate of Abnormal aspartate aminotransferase level † 30 (26) 5 (4) 5 (6) 1 (1) Abnormal alanine aminotransferase level † 42 (37) 13 (11) 9 (12) 1 (1) Early discontinuation of treatment ‡ 21 (18) -3 (4) -
* Stomatitis included the terms "oral pain," "oral hemorrhage," and "mucositis oral" from the Common Terminology Criteria for Adverse Events, version 4. † An abnormality in the aspartate or alanine aminotransferase level was defined as a level above the upper limit of the normal range on laboratory testing. ‡ Early discontinuation of treatment was evaluated during the taxane phase only and did not include patients who discontinued treatment during the phase of receiving doxorubicin and cyclophosphamide. These values for early discontinuation include patients who continued on to receive doxorubicin and cyclophosphamide. pathological complete response was higher with neratinib plus paclitaxel than with trastuzumab plus paclitaxel.
A recent meta-analysis of trials of neoadjuvant therapy in participants with HER2-positive breast cancer showed an overall rate of pathological complete response of 39% with single HER2-targeted agents that were combined with anthracycline-taxane-based chemotherapy. 25 In our trial, the rate of pathological complete response among participants with HER2-positive cancer in the control group (which received trastuzumab plus paclitaxel) was 23% (Table 2) ; the rate was 33% among patients with HER2-positive, hormonereceptor-negative cancer and 17% among those with HER2-positive, hormone-receptor-positive cancer. These rates are lower than those observed with trastuzumab-based therapy in previous trials of neoadjuvant therapy in participants with HER2-positive breast cancer. 26 There were no obvious differences with regard to the characteristics of the patients in our trial versus those in other trials of neoadjuvant therapy. The method used in our trial, including the standardized stringent analysis of tissue after neoadjuvant therapy, 27 may have contributed to lower rates of pathological complete response than were observed in other trials.
As expected, 6,28-30 diarrhea was the most problematic adverse effect with neratinib, warranting aggressive supportive care. In this regard, an intensive mandatory regimen for diarrhea prophylaxis with the use of high-dose loperamide at the initiation of the trial and subsequent tapering was evaluated in the National Surgical Adjuvant Breast and Bowel Project (NSABP) FB-7 phase 1 trial, in which patients had frequent diarrhea that was limited to grade 2. 30 Prophylactic high-dose loperamide with neratinib is being further evaluated in an ongoing trial of adjuvant therapy (ClinicalTrials.gov number, NCT02400476).
On the basis of our trial results and other clinical data, phase 3 testing of neratinib as neoadjuvant therapy is moving forward in the successor I-SPY 3 program, which is aimed at generating accelerated approval following guidance from the Food and Drug Administration. 31, 32 Although the results of our trial predict a 79% probability of success of neratinib in a phase 3 trial of neoadjuvant treatment in patients with HER2-positive, hormone-receptor-negative cancer, a modified design is required in order to reflect the current standard of dual HER-targeting (regimens containing pertuzumab and trastuzumab) that has already received accelerated approval. 33, 34 The updated phase 3 design will test the combination of neratinib, pertuzumab, trastuzumab, and taxane with the combination of pertuzumab, trastuzumab, and taxane and the combination of neratinib, trastuzumab, and taxane, all followed by doxorubicin and cyclophosphamide. The I-SPY 3 trial will include patients with HER2-positive, hormone-receptor-negative and patients with HER2-positive, hormone-receptor-positive cancer, as appropriate. Dr. Park reports receiving lecture fees and travel support from Genentech and Pfizer, and receiving royalties from patents (U.S. patent nos., 6,214,388 and 7,507,407) related to immunoliposomes that optimize internalization into target cells, licensed to Merrimack; Dr. Liu, receiving clinical-trial funding to her institution from Seattle Genetics, Genentech, Eisai, Novartis, and Celgene; Dr. van 't Veer, being an employee, cofounder, and board member of and holding stock in Agendia; Dr. DeMichele, receiving fees for serving on advisory boards and travel support from Pfizer and Novartis and grant support from Pfizer, Novartis, Genentech, Incyte, Calithera, and Roche; Dr. Boughey, receiving research funding from Myriad Genetics; Dr. Chui, being an employee of Genentech; Dr. Isaacs, receiving honoraria from Genentech, Celgene, and AstraZeneca; Dr. Tripathy, receiving consulting fees from Nektar Therapeutics, Merck, and Novartis and grant support to his institution from Novartis, Genentech, Pfizer, and Puma Biotechnology; Dr. Khan, receiving lecture fees from Pfizer and grant support from Novartis; Dr. Wood, receiving an honorarium for serving as chair of a workshop for Genomic Health; Dr. Melisko, receiving grant support from Genentech; Dr. Sanil, receiving personal fees from Berry Consultants; and Dr. Berry, receiving consulting fees from and being co-owner of Berry Consultants. No other potential conflict of interest relevant to this article was reported.
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